Background Total ankle arthroplasty (TAA) implantation is increasing, as the potential for pain relief and restoration of function and risks are compared with those for ankle fusion. A previous analysis with a simple decision tree suggested TAA was cost-effective compared with ankle fusion. However, reevaluation is warranted with the availability of newer, more costly implants and longer-term patient followup data. Questions/purposes Considering all direct medical costs regardless of the payer, we determined if TAA remains a cost-effective alternative to ankle fusion when updated evidence is considered. Patients and Methods Using a Markov model, we evaluated expected costs and quality-adjusted life years (QALY) for a 60-year-old hypothetical cohort with endstage ankle arthritis treated with either TAA or ankle fusion. Costs were estimated from 2007 diagnosis-related group (DRG) and current procedural terminology (CPT) codes for each procedure. Rates were extracted from the literature. The incremental cost-effectiveness ratio (ICER), a measure of added cost divided by QALY gained for TAA relative to ankle fusion, was estimated. To identify factors affecting the value of TAA, sensitivity analyses were performed on all variables. Results TAA costs $20,200 more than ankle fusion and resulted in 1.7 additional QALY, with an ICER of $11,800/ QALY gained. Few variables in the sensitivity analyses resulted in TAA no longer being cost-effective. Conclusion Despite more costly implants and longer followup, TAA remains a cost-effective alternative to ankle fusion in a 60-year-old cohort with end-stage ankle arthritis.
Introduction
Ankle arthritis has an incidence of 1984 per 100,000 patients [3] , which is eight times less frequent than knee or hip arthritis in clinical practice [4] . The physical and mental impairments for patients with ankle arthritis are equivalent to that of hip arthritis and other severely disabling medical problems [10, 21, 23] . Patients for whom nonoperative management fails may be offered surgery. Ankle fusion reduces pain at the cost of loss of ankle motion, altered gait kinematics [19, 27] , and accelerated arthritis in surrounding joints [5] . Patients also have a 3% to 10% risk of nonunion [13, 20] . TAA in contrast offers greater ankle ROM, which may improve gait kinematics [19] , decrease the stress on other joints, and potentially lead to less arthritis in surrounding joints. However, TAA is more expensive and has its own complications including: implant loosening, ankle instability, osteolysis, higher infection rates, and higher reoperation rates [13, 17, 20, 25] .
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A decision analysis is valuable in weighing two alternatives against each other by systematically assigning probabilities, costs, and utilities that are estimates of quality of life to treatment alternatives based on reported evidence-based data. The question of whether TAA is a cost-effective alternative to ankle fusion is an ideal question for decision analysis, as there is some uncertainty regarding rates of TAA revision and development of ipsilateral arthritis. The Panel on Cost-effectiveness in Health and Medicine created by the United States Public Health Service [11] has established methodologic guidelines to frame a cost-effectiveness study question, identify outcomes, estimate costs, and test uncertainty [11] that were adhered to in this study.
The current study is a special type of cost-effectiveness study termed cost-utility analysis. The effectiveness of each procedure or health state is measured in utility units that incorporate subjective measures of wellness or quality of life [11] . Each health state in the model is assigned a utility value along a continuum of 1.0 equaling perfect health and 0.0 equaling death based on quality of wellbeing index scores [9, 10, 23, 24, 26] . The utility for each health state then is multiplied by the number of years a patient experiences that health state and is reported in QALY. A QALY is the recommended effectiveness measure for cost-effectiveness analyses of health interventions [11] . SooHoo and Kominski performed a simple decision analysis on this topic, showing TAA would be cost-effective compared with an ankle fusion if the arthroplasty survived 10 years [24] . Since that analysis, nonrandomized cohort studies of intermediate outcomes for TAA have been published [8, 14-16, 20, 22, 25, 28] . Furthermore, a more sophisticated Markov decision analysis can assess yearly changes in TAA revision rates and complications during a patient's lifetime. Therefore, reevaluation of the comparison is warranted using a Markov decision analysis with updated data.
We determined if TAA is cost-effective compared with ankle fusion in a hypothetical 60-year-old cohort. Secondarily, we used sensitivity analyses to identify when the value of TAA exceeded $100,000/QALY gained, a commonly used 'cost-effectiveness' benchmark [18] . The sensitivity analyses focused on (1) TAA and ankle fusion revision rates; (2) the risk of perioperative complications or risk of future ipsilateral arthritis for each procedure;
(3) procedure costs; (4) patient age; and (5) the health outcome utilities (QALY) gained.
Materials and Methods
We created a hypothetical 60-year-old cohort with endstage ankle arthritis for whom nonoperative management had failed. The cohort age and demographics reflect the mean age and demographics among participants in the largest TAA and ankle fusion studies [20, 28] . The TAA study had approximately 50% females and 50% males [20] . The clinical pathway modeled began with patients undergoing a TAA or ankle fusion. Then a Markov costeffectiveness decision model was created to analyze health outcomes and direct medical costs. Patients who survived surgery were followed annually, transitioning between health states until they died or reached 100 years of age [11] (Fig. 1 ). Each health state was assigned a utility [9] value to represent quality of life in QALY and a cost measured in 2007 US dollars. The model was constructed using decision-analysis software (TreeAge Pro 2009; TreeAge Software, Inc; Williamstown, MA, USA). When the model was run, TAA and ankle fusion arms of the tree were compared based on the number of years patients spent in each health state with the associated QALY and costs. Costs and utilities were discounted at a rate of 3% per year (range, 0%-5% per year in sensitivity analyses) [11] .
Several assumptions were made in model construction: (1) age-specific mortality rates for patients who survive surgery follow 2004 US life table norms [2] ; (2) perioperative mortality after any ankle surgery was estimated at 0.02% [28] ; (3) patients who need a revision TAA will undergo one revision surgery and then have conversion surgery to an ankle fusion or have below-knee amputation (BKA), based on the prevalence of TAAs that progress to BKA as reported in the literature [13, 25] ; (4) patients who have ankle fusion will undergo one revision and possibly one fusion/BKA [13, 25] , then have no additional surgeries until death, however, patients who have ankle fusion still could have progressive ipsilateral arthritis; and (5) if patients undergo fusion after TAA or revision fusion, all ipsilateral arthritic joints will be fused simultaneously, leading to improved QALY for individuals in the fusion compared with the arthritis states.
Model parameters for revision and complication rates were obtained from published studies ( Table 1) . Ankle fusion revision rates were estimated from data reported by SooHoo et al. [25] . The Scandinavian Total Ankle Replacement (STAR; Small Bone Innovations, Morrisville, PA, USA) prosthesis, a mobile-bearing design, was used for modeling TAA survivorship. Three different fixedbearing implants and one newer mobile-bearing implant are approved for use in the United States. Some evidence suggests greater longevity in STAR mobile-bearing prostheses over standard fixed-bearing designs [16, 20, 28] . Furthermore, the study used for the reference case has the largest reported series of TAAs (200 patients), with some of the longest followup data published (range, 5-13 years), and greater than 80% survivorship [28] . This study was used to estimate annual revision rates for Years 1 to 6 [28] .
For Year 7 and onward, revision rates were estimated at 0.021 based on the average observed revision rates from Years 6 to 11 (Table 2) [28] . There are currently no 15-to 20- year followup studies. We tested TAA yearly survival rates from 2% to 20% in a sensitivity analysis using published rates [1, 8, 13-16, 20, 22, 25] . Data on the occurrence and rate of short-term complications were obtained from SooHoo et al. [25] for ankle fusions and Saltzman et al. [20] for the STAR TAA based on 2 years of followup. The complications included were: postoperative infections, major wound problems, nontraumatic bone fractures, implant problems, or osteolysis [20, 25] . Other reports of complication rates between 5% and 25% for TAA [1, 13, 16] and 0.5% to 10% for ankle fusion [13, 20, 25] were used to establish ranges for sensitivity analyses.
Coester et al. reported the rate of radiographic and clinical arthritis progressing in the ipsilateral hindfoot and forefoot after ankle fusion is 100% at 22 years of followup [5] . That calculates to an average progression of arthritis of 4.5% per year, which is consistent with 2.8% of ankle fusion patients underwent subtalar fusion within 5 years [25] . The rate of progressing ipsilateral arthritis after TAA (based on various implants) is 0.7% to 3% per year [25, 28] . In theory, this is attributable to increased motion of the ankle leading to decreased stress being placed on surrounding foot joints. Young patients after ankle fusion or TAA will experience consequences of lower utilities from progressive ipsilateral foot arthritis. The progressive arthritis rate is not well defined in the literature; and therefore is an important variable for sensitivity analyses.
The costs of TAA, ankle fusion, and ankle revision surgeries were estimated from Medicare 2007 payment schedules ( Table 3 ). The total reimbursement was the sum of the DRG code payment, professional charges based on 2007 CPT codes, and implant costs. The latter were estimated at $200 for the two screws needed for an ankle fusion and $9000 for TAA implants [7] . The surgeon fees, anesthesiologist fees, hospital charges, and physical therapy charges are assumed to be equivalent as operative time and length of hospital stay are similar between the two procedures, and therefore do not need to be added to the total costs in this model. A yearly TAA followup office charge was added to the TAA costs but not to ankle fusion costs as life-long followup is not necessary for patients who have fusion. The costs of short-term complications for TAA and ankle fusion were estimated at $2000, considering rehospitalization and treatment costs.
All health states were assigned utilities ranging from 0.0 (representing death) to 1.0 (representing perfect health) based on reported quality of well-being index scores (Table 3) [9, 10, 23, 24, 26] . Utilities estimated by SooHoo and Kominski [24] were used ( Table 3 ). Arthritis of the lower extremity was assigned a utility near 0.7 from SF-36 surveys, similar to values of other lower extremity impairments [10, 26] . TAA was given a utility of 0.9 [24] , which is higher than that of ankle fusion (0.8), as studies suggest improved functional outcomes after TAA, including gait and ROM [6, 19, 20, 27] . A recent study reported equivalent utilities of 0.73 one year postoperatively for patients who had TAA and ankle fusion [23] . These values were used in a sensitivity analysis, but not in the primary analysis because the study was not a randomized controlled trial. The study included an older TAA group compared with the ankle fusion group, and had a 50% attrition rate [23] . No differences in utilities based on race or gender have been established; therefore, the utilities were not stratified by gender or race. Short-term negative postoperative experiences (eg, pain, limited mobility) were accounted for with acute procedure Short-term toll total ankle arthroplasty À0.125 Estimated -Short-term toll ankle fusion and below-knee amputation À0. 25 Estimated -tools (ie, 'disutilities'). The disutility of having a TAA was À0.125 owing to patients wearing a cast for 6 weeks (1.5 months divided by 12 months). The disutility of ankle fusion or BKA was À0.25 owing to the 3 months of nonweightbearing and limited mobility (3 months divided by 12 months). Revision arthroplasty and revision fusion also were assigned disutilities of À0.125 and À0.25, respectively, as the healing time for revision surgery is similar to that for primary procedures (Table 3) .
To determine if TAA is cost-effective compared with ankle fusions, we calculated the ICER by dividing the difference in costs by the difference in utilities (QALY) between TAA and ankle fusion. This ratio reflects how much the improved quality of life of TAA compares with the less expensive ankle fusion. This ICER calculation then can be used to compare TAA with different medial therapies across all specialties. One-way sensitivity analyses were performed by changing the range of values of one variable while keeping all other variables static. These analyses determine when the cost per QALY gained for TAA relative to ankle fusion surgery exceeded the willingness-to-pay threshold of $100,000/QALY [18] . From these analyses, the importance of the uncertainty present in the literature and which variables will change the conclusions of the model can be determined. Sensitivity analyses were performed on the revision surgery rate, risk of perioperative complications or risk of future ipsilateral arthritis for each procedure, procedure costs, patient age, and health utilities for each procedure.
Results
TAA remained cost-effective compared with ankle fusion in a 60-year-old hypothetical cohort. TAA costs $28,000 compared with $7900 for ankle fusion, which is an incremental cost of $20,200. TAA had higher average utility of 14.4 QALY compared with 12.7 QALY for ankle fusion, which is an average utility gain of 1.7 QALY. When the incremental cost was divided by the average utility gained, TAA had an ICER of $11,800/QALY gained ( Table 4 ). The discount rate had minimal impact on the value of TAA, with ICERs ranging from $9600 to $13,300 per QALY gained as the annual discount rate varied from 0% to 5% per year.
Most variables tested in sensitivity analyses did not change the cost-effectiveness of TAA compared with ankle fusion. Sensitivity analyses revealed that TAA, fusion, or revision surgery failure rates did not influence the analysis. Nor did short-term complication and ipsilateral arthritis rates of TAA or ankle fusion change the model. Ankle fusions would need to cost greater than $30,000 for TAA to cost less and provide improved utilities compared with ankle fusion. If TAA costs more than $170,000, the $100,000/QALY cost-effectiveness threshold is reached and TAA is no longer a cost-effective alternative. TAA was more cost-effective for 30-year-old patients (ICER = $9600/QALY) compared with 80-year-old patients (ICER = $18,000/QALY).
In sensitivity analyses, varying the utilities of TAA and ankle fusion did affect the model. If the TAA utility was 0.05 lower than the ankle fusion utility, the TAA ICER exceeded the $100,000/QALY cost-effectiveness threshold. If the TAA utility were 1, the TAA ICER would be as low as $6900. If the utility after ankle fusion was one-tenth lower than the current value of 0.8, the cost-effectiveness of TAA would improve to $7300/QALY. In contrast, if the ankle fusion utility increased by one-tenth, the ICER for TAA would increase to $30,600/QALY. TAA remained a cost-effective strategy under both scenarios. The $100,000/ QALY threshold is exceeded by TAA only when the utility for an ankle fusion is greater than 0.95. In another scenario, when the utilities of TAA and ankle fusion were both made 0.73, TAA remained cost-effective at $71,300/QALY. Under this scenario, only when the utility of an ankle fusion was greater than 0.74 or the utility of TAA was less than 0.72, did the TAA ICER exceed $100,000/QALY.
Discussion
End-stage ankle arthritis leads to decreases in physical and mental quality of life [10, 21, 23] . The traditional surgery for ankle arthritis is ankle fusion. These patients may have improvements in pain but lose ankle motion, have progressive hindfoot and midfoot arthritis develop [5] , and lose normal gait patterns [19, 27] . TAA has the benefits of maintaining ankle motion but the risks of implant failures, wound infections, and need for complicated revision surgery [13, 17, 20, 25] . A previous analysis with a simple decision tree suggested TAA was cost-effective compared with ankle fusion [24] . The purposes of the current study were to reevaluate if TAA remains cost-effective compared with ankle fusion with more costly implants and longerterm followup, and to determine which are the most important variables contributing to the cost-effectiveness of TAA based on sensitivity analyses. Although we have outlined many assumptions of our model, we acknowledge the following limitations. First, Markov decision analyses are dependent on the strength of the data used for the model. Although Markov analyses are superior to simple decision analyses, which cannot account for changing variables across time, we still are limited by the deficiencies in the literature. There are no prospective studies with similar cohorts comparing the two procedures on which to base model assumptions. A multicentered, randomized, controlled or case-controlled trial on TAA versus ankle fusions may provide data to update the current deficiencies, including the probabilities of short-term complications, ipsilateral foot arthritis, revision surgery after 11 years, and postoperative utilities. Second, we estimated costs for this model. The reference case was set at an age of 60 years; however, the costs were estimated from a gross-costing methodology from the Medicare perspective. As TAA implants cost between $8700 and $9500 [7] and an ankle fusion implant costs $200 for two screws per procedure, the implant cost should be a major contribution to the hospital costs, but are not reflected in the reimbursement rate of $10,651 for the longer, more technically demanding TAA compared with $6577 for an ankle fusion. Therefore, the implant costs were added to the reimbursement costs to determine the net costs in the model. More precise estimates of costs could be found with microcosting techniques [11] . Third, our analysis included only direct medical costs and did not include measures of indirect costs such as loss of work productivity and caregivers time, which are difficult to estimate. Fourth, the utilities were estimated from a previous cost-effectiveness analysis [24] and may overestimate the health state achieved by TAA [23] . However, we found in the sensitivity analysis that TAA remains cost-effective when the utilities of TAA and ankle fusion are equivalent. Only if an ankle fusion has a higher utility than TAA would TAA no longer be considered cost-effective. Finally, the costeffectiveness threshold of $100,000 per QALY has been set as the current standard in the literature [18] and is helpful in comparing different medical therapies. However, this threshold is arbitrary and the orthopaedic community may in the future set a different threshold to eliminate procedures that are too costly per utility gained.
TAA is a cost-effective alternative to ankle fusion in a 60-year-old cohort. The average cost for TAA was higher, but there was improved QALY gained compared with ankle fusions. SooHoo and Kominski performed a costeffectiveness analysis using a simple decision tree rather than a Markov model [24] . The two models had a similar ICER for the respective reference cases: their $18,000/ QALY [24] compared with $11,800/QALY in our study. However, a Markov model is more precise for this decision as the rate of implant failure changes, the rate of ipsilateral foot arthritis increases, and patients may require several revisions during a lifetime. We also used long-term followup data for TAA [28] that were not available to SooHoo and Kominski in 2004. We updated the costs from their 1998 estimate to a more current 2007 estimation.
Most variables tested in the sensitivity analyses did not change the cost-effectiveness analysis. Even if future literature were to show widely different rates than currently reported, TAA will remain a cost-effective alternative to ankle fusions. The yearly TAA implant failure rate, risk of perioperative complications, and future ipsilateral arthritis for each procedure did not influence the model. A wide range of TAA survivor curves (70%-90% 5-year survival) have been reported [1, 8, 13-16, 20, 22, 25, 28] , and it is unknown how fast ipsilateral arthritis develops. The costs of TAA and ankle fusion affected the model only if the costs were increased to implausible amounts. TAA was cost-effective for patients between 30 to 80 years old. Although, TAA is more cost-effective for younger populations who can benefit for a longer time with improved utilities, optimal candidates for TAA may be older, thin patients with low-activity demands [12] .
The utilities of TAA and ankle fusion did influence the model in sensitivity analyses. If the TAA utility was 0.05 QALY lower than the ankle fusion utility or if the ankle fusion utility was 0.15 QALY higher than TAA, then TAA was no longer a cost-effective alternative. A recent study estimated from 1-year postoperative SF-36 scores that patients with ankle arthritis after TAA and ankle fusion have similar utilities of 0.73 QALY [23] . When these data were used in the Markov model, TAA remained costeffective at $71,300/QALY. Therefore, TAA must have an equivalent or improved utility compared with ankle fusion to remain cost-effective.
In this analysis, we assessed the trade-offs among risk of progressive arthritis in surrounding joints, perioperative complications, risk of revision surgeries, age of the patient, costs, and utilities. Costs and utilities were the major costeffectiveness drivers that we identified in sensitivity analyses. Physicians traditionally decide which patients meet the indications for surgery. In the future, American policymakers, insurance companies, or hospital administrators may decide which health services are cost-effective and which services have too high a risk-benefit ratio to be offered. This study supports TAA as a cost-effective alternative to ankle fusion.
